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The :ran~port, ~:xjnE, and burning of hyfiroRen inside containment ia rece
:,!L, .Jrpqeqt t.erv ~etai lcd models riescrthins this important phenowm and provide

chw thr verq.ntilitv and accuracy of the methods.

I. Ivml”cmnx

vin~ a great deal ,nf attenrl,~~.
aevera ●xample calcula: !,~ns to

“hjrin~ :In,l after A l,~qs-of-conlant accident in a light water rea_* or, watrr mv be decomposed hv :hr?l : II

rr,~:tlnnq and rniinlysls to release gaaeoua hvdroqen. Llnder the~e ~~ndition~, h~flro~n ~V b rele,lqc.f [!l,fl [h,.

r~,~ctnr cnntalment re~ultinE in two deleterious ●ffects: (1) the noncondenanhle gas can increa~e cnntal meat
,)rt~+s;lre, and (2) [n sufficient ~mmnr~, the hydro~n could burn in the presence of air #and cause cun~i.l?r~k!e

1,1,-IIs In the cnnta!mrnt walls and crucial control 4evices. Each ●ffect reprenencs an additional %afet\’ rt~~.
‘n better asseq.q the problem, we have adapted an ●xiqtinR tuo-diwnnioml comlmat ion code C’J’iC~i.\~-S??\.4’i t 1 ‘

to aIql\-Zr hydrogen codmetinn, and we have developed a three -dimrmional code WIS [2,31 to cal:ul.nte the I,,: Iii.

uf h\’irnccn crarisrmrt through containment structures and ●xtended it ‘n capabt litiea (H!lS-%lrn [~, ;]) t,> i,,:~u!L
:“”%,s[ 1(,FJ.

<ci,.?r,qluyannlegare nffereri to demonstrate the capability of I!y.lrn,qen mixin~ and colbll!itl)l t’lr,!~ “~’ :,~:1-
t , ~ -q, ...<0
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The :ocffi:ientrn of VI SCO*ICY, u and A, whi:h nppear in thm VISCOUS stress tenror, O.U ,

(Y)

Where A IQ Z13U, mnd M is interprcced am the ‘eddy vimCogltYs- are defiwd by the ●inple ●lsebralc turbulence
1,11101 v ■ U:p - l!m 9 m. In this nodal, ● is qual to a lenRth mcala fl.Mt ❑ for theme ulculacions) and

4= itI the turhllenc ●=ruy Intenalty (fl.lSl;l for thaae calculations), ●O u = 0.56 Pl~10 fi~ structural dr~c

vector 1s gi-wn by ~ = CD@(.4rea!Volum);l;l, where Araa.Wolurn = (atructura ●rea);(struccure volume), and Co = 1.

The nixture lncerml •~r~ demitv ●quation is

.:.. re

! - aixcure nnecific internal •rnr~y

<- “’eddy cnnduetivitv, ”

T = nixturo temper.lture, and
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~0,,
.,,

[01

% ,

.; + 7.(Q) - 7* ol~ ~’
at

91,,
.

30,, %3
2 + 7*fpl, u)-air [01-v.pT77 ■-s,, ,

. 9. .

. . )

f..)

,.,



irrenhius kinati:s as

3

(9)

111. ~v~fpLE : ‘IY3RIMF’: WY?SG 1S IVE EPRI/HEDL STMD.L!D PR09LE’IS

:’10 W’S cdc .~Ia u~ed to InalVze the EPRI/HEDL ~tandard rrrnhlern ‘A- ●nd
-Jer+ -rxl.l~ci ●m a ln~es f~r cnnnaring blind nrodictionm of detailed hydrogen
tll~-ent c-=~lrtmdntg. In hnth ●xnerinentm a hl$t W1OC1CY ~team-hy~rogen or
FIIC :o-=\rcwnt. The realer ia rafarrad to Ref. II for a dacalled ~lmcusnlon

‘It,lre I present~ the fftscrettz~tion of thd contain~nt conpart=mnt. We
vi!e~ rec1-c.IIItl.m fron the urrper to lower cnmoartmantm am four tl~s+ependent nrcscrlhed Lnflw h~~dar~

cellq. Flow in allowed tn ●xit the comnutatio~l mesh by the ●ight contimatlw outflw boundav cells n“a,r .-

‘B- ~1~]. These ~tandmrd :r-~lc~+
dl~trtbutlon iII rem:tm-li-e :-IA-
-team-helium je: is released i-t-
0? the exnert~rtdl f~clllcy.

haw mdeled the bl~dcr W\lc’- Ir -

5
thr .I. ICUr :{ rcumferencs. Both tents ❑tarted with the compartment nt 65°C and 10 Pa, with test + contal.11-c ni -
trd:rl -11* Ctmc ft Concaiming air.

!x?erl%.m \ had a horizomttl ●team-hydroqan Jot that was centered in the anwylus at ‘7J* at a hel :ht l.i~
.I fr ~ tl~cfloor. The xveraue jet velocity wag asm-d to bz Ijo m/a
liIl rl:.

, and it wan directed Lnuari .ac w]. LO 1 r~-
:xnerlmnt B had ● vertical steam-heli~m jet that warn located at Idflg, I.z m from the fl,mr, !ni

2.YI a rr.m the comoa:tment axis. The ●veraqp jet wloc~ty was ●s~umed to M RO mim.
In Flim. 2 lnd 3, w nreaenc the test data lnd thm blind (t. a., nretent) concentration nreilctijn= f ,r tu--L -

\ IaJ R, rc-aecttvelv. The curve dealuwted ‘E” represent the ●werlmental datd w%lle the :., rve lemi+~-lt.”fl “~”
r.~ilr~~enta the calculation. For test A, the horizontal Jer, there la total ❑ixing throurihout the :mmr L-ew I-
evi k~zc 1 h>” the Slmllqritv of the concentrate ion curvan and wxl-m concentrate Lena sc variou~ l~c~cln-~ I ~ :i,e
: .ap{rc~ ●t. +11 conccncratlom in this paper ~re renorted in VOIUW percent on a JV bamis; i.e., th: .rcn -’i.
:.]llcme+ nmf the mm ~a=ple na~med thraunh a drying had in the cemts. Concentrstlan+ for tw~t q, t’~u vb’rli:~’
Jut, .lr~ ~ramantcd fnr t% na~ lncat~drm an tewt +. Here w aee a definite concentrate.,n draile~l )f r ~,,.”i~”.” :
t . 1 : ,~:untra:t.q rer:ent during tlw man lnJectlnn rhmme wltn mixiwn valuen at the :nmLrt-cm LW I I’ Al-ll.s-
VIIW- -C the :ott:m. Thin grmdtent qui:klv decaya to akout 1? after tue Jet in nht Iff. “W SI1--I ~11 -111-
tl}m~ If ttre :nac~~tr~tllng Ire mecn to mredlct the axperlwntnl +atm verv well.

1“”, q\o,\m!pL~ : ‘:””’ERIC\L CtLCl”LATIn’t nF H’Y2RWES-\Iq CtYlft~STIO’.’ [121



sllrface area 1s rounhly equal co the area associated with an ~aocherm cnntour that Ljes in the flame zone.
Higher flane spce.is anti larger aaaociated surface areas cauae the pressure to rise faater.

i;e can now exnlaln the cauge of what we aee in the meaaured pressure historf~e. l~ith 7.5% hydrogen, rhe

pre~s,lre rises S1OU1V at f(rst because of the low apeed and the small surface zrea aaaoclaced ulth the flame. As
the flame nnnroaches the outer walls, ita surface area increaaeg, and the rare of the pressure rtae tncreaseg as
I ci~nqeqlle~ce. The rate of preqsure rise reaches ita martimum When the flan area is large at, just before it

?e,i:he~ the top and side uall~ at ?.88 aeconda. After brn-out to the walla, the rate of preaaure rise ia less
heca,lse the surface area associated with the flane la reduced and becauee the hot tirn-~roduct gaaes are nw in

cnnca:t with and lo.qinR heat to the walln of the cylinder. The emall drop in preeaure btueen 3.0 and 4.0 sec-
,>nds in che experiment my be he to hiRh velocities near the valla that ●nhance heat tranefer ratea, an ●.~fecc
~l,,lt ig not acciiracelv modeled in the calclllation. After 3.0 eeconds the flame propagates downward very sloul:~
he:au~e wall beat ]n.qg cnola the Raae.q behind the flame. The flaw epeed, a vety senaltive function of tezpera-

t~lre, 91OUS when the temperature drops. When burning is complete at 8.0 seconds, wall heat leas causes the ,)res-
sure co drop.

L’ith 111.7X hylrogpn, the pre.qaure alsa rises qlowly at first and then accelerate aa the flane surface area
[ l:rc.ise9. Howev~r, the preeeure continues to rise steeply after the fla~ reachea the outer walls. Thus t%

,,v,:r.111 rate of :heaical heat releaae remina large even though, after burn-out to the walls, the flati ~urf,ic~
nrc.1 is smiler and wall heat loaaea are occurring. A more detailed amslyaia of the calculation then ‘we give
here shows that Several physical effects are responsible for this continued lar~e heat-release rate. One of

these is clear frnn tie isotherm plots: after burn-out co the walls, the surface area asaoclated with Lhe Flarws

1s larR..r ~{th 1:~.7”’ hydrogen than (t is with 7.5Z hydrogen.

!:. 11YDR!3CE!: ‘)IFFI.’5IW FL,WES IN A REACTOR CONT.\IS:lENT

It lla~ recently ~co~ of intercat to a~lyze hydroRen diffusion flames in reactor containnent9 [4]. In

[ll!s ,]c:iulent 9cqllence, a tran~lent ●vent from 100Z power is followed by loss of all coolant-lnJection c~;labi l:-
ty. The re.lctor vessel renain? nresaurized aa the coolant water in the reartor vessel begins to boil ax~y. :..%~i~

the ::>re hecones uncovered and hemts UP, after roughly ~11 minutes into the accident, zirconium and steel OYld,I-

:i>~ lemis to the ?enersstion of hydrogen vhi:h is then releaaed thrrmRh safety relief valves intn the ~ll:}:\re~sl,,n
>Onl. I’nler ccrt,lin condltinna, thin release of hyd?oqen (e.g., ulth an ignition source) leads to the f,.rmtl,]v
,~f di;fusi.}n flane~ strove the release areas in the sunpreasion pool. Theme flamea wv per~lst in l(>:,~lfze.1 r/-
!:i.)1s I+)ve t+e sllppre~gi~n ponl for ten~ of minutes and therefore COUld lead to nverheatin~ ,~f near%” pc.nt,:r,~-

tions il the drv-well nr wet-well wallq. It is nt most interest : ~ calclllate the tcnpl~rature nnfl prcs~ure ,,! LIS,I
:nnt~iament atnoqnllere in the wet-well region and the $eat flux ;, ., h on the dry-well and uct-well wnlls tip t,>
In I a\,yve the 9,1;*nre~qlon pmol surface.

‘hr renctor :nntainnent design in qucstlon 19 shown sche%-it!callv in Fig. 6. ‘./e are onlv cnn:[. rn~. d ..,ich c’,,.
~,,ntnin~cn~ VO1,IW ,!},,, ve t$c water level ,qo w ,qppr”yfmlce thp conta. rim qt with the conf f!:llratfon :*re.It. nt[, ! in

rf:. 7, ‘./11:+ hag tl)c Qane atmospheric contalmcnt volume aq that of Fl, . 6. The mlcer vcrt lcnl :,~nt,ltmc!..t .’Il I
(,:et-well w#ll) iq ~(>ncrete 0.75 n (2.5 f~et) thick anti the inner vertic~l uall (dry-urn w,all) IG :,~ncrezc l.; n
(5 fcut) tbi:k. The ,Inntll;,r re~fnn hetuecn thcne tvo wallg iS c.l!~.J, thC WCt_ell. Ilvdroxen spar,:crq ,.)r •,~,lr.,,.

.. rc :~:tu~llv at the bncton of the awppreaqion pool within 3 m of the inner wall. The nin, s~,,lrces c.in h,. t’~.,,1.,lt
u f l% :ircllllr, ] m dinneter, centered .Iztnuth ally at IIS, 48, 88, 131J, 1;2, 1S4, 256, 29H, .Iml 328 l.. gr.*.. +.
Fl::. 9 UIVCS the idea of the qourceg relsitlve to the wet-well and the cent.linmpnt walls.

The qc,metrv aa shown in the twn perspective views o: FiRq. 9 and III indicates the true tbruc-!im. nst ,.1.!!!cII
nf t% :ont.linrnent. T+e hydrogen sources are shown at . e bnttnn .~.q rectnnglll~r rexlons. The ::., ll,ldrlc,ll :II:J,l-

t,ltlonill =qh ~p~roximatin~ chiu genmetrv ia presented in Fig. 1! which ~hous e.lch of the c,~mputlni; .?,JIu+* \ :>!,,

~’II:IuJ region uf :he computin~ mesh indicating the dimerv:l, ns 1s preqentea in FiR. 12. Ilvdroi:(.q ,~ntl,r* t!l~, ,.i -
vlltlnr, nssh at the %t tom (J-2) nf apeclfic cclla in the ,1 nular ring (1=8) with a tcm; )cr,ltur~, ~Ir;.I,Illln\: 71 ‘

5

,r. ~

;Jrcqqwre eq~l.llltn~ 1!1 Pa. The ozlrw, thal poait!ons of the ll\,jruRen ,qour:en within the ring 1=4 ,Ir,. S;I~ILIfI, ,! .11
~.$,h, Y, 13, 15, 16, 20, 22, and 2fI which corre~rrnnds tt) cnmputntlunal znnen c~lltt.red it 122.”), JIJJ.;, :,.:

1$7.”3, 157.5,

,“,,
,&2,:, 8~.j. 52.5, and 22.5 degrecn, reapec~lvcly. A mans flow rate of !*;.3 k~:lnln i- ll~trthl?,,!

vqIlnlly mrtnn~! the rd ne nourc~~. The initial cordltinn In the cnntnlnncnt ia dry air .~t 21’(: and I )-) 1’.1.

?hrru .trr tr~nvndo~lg bent qinks in the cor,t.llnment, e.R., 2.2 x 10
b

kq ntael with hu,tc trtnqfur ~,lrf lct~ lr,.,~

oflll.lllin~ 2.7 u 104 n2, fron which an averaRe awrfmcc aren pLr unit vol,l~e can k! fmlnd. Thr strllct,lr, i ‘1,,1!
Lr.lasf., r ,lnd dril~ tormulntiorrn both une t+lm nverafle value tn conpute heat find m,)mvntun vx:h Inqe, ru~:jc,:l Iv,, !,.’,
within n c,]mplltntinnml ZfIrW.

Fi~ylre 13 +lnalayq velncltv vectorn in an unwrapped (conqtssrrt radiua vn, hpluht) ,:,,nfi~llrat(on, rhl rl!!:s
19 nt the rndl,ll cnnter nf thu hVtirORen source cells (1=~), whlc$ can he se-n at th~ h,)ttnm of 0,1:1) P1.,[ %, t’,,.
mpenl n~s. For exnmple, there t~ a douhlc aowrce between 135 and 16$ de Rrrrn and ncvrn ●fnRle s,~llr:oq !I tt rl ‘l,,!,, !
.Il,}nq the nzlnslth.al Illen#lon. ~{ith nine diatribllter! nnur:rso anti dtmtrihut Qd ,1~ thpy tr,. , Flu. I ) ~!l,i.iq !!,,, !,...
vr], )pmnt I)f vt,rv S( ron~ hurrvnncv driven f lows I n the pnrtlnl hot chlmnev nt 45 dm~(rcrm ,lnd thr fIIl I I!,.t , !,:..:,!.+

nt I)i n.~1 Ill drurc~~. A cnld chimney (tiounflow) dev~lops nt ~~f dc~rerm cljm;, lctinR tl)e ,cnnvr:t IV(, l,’’l:’q O

Tltp fI,WJ !n [M p~rtf~l hot cl~~mnev (45 de~reen) in blncke~ hv a cuncretg flu~jr flhm)t half WJy tm tlIII I ,:. I.:! !.

rilvvrtod tllwn~d the outer w,t[l and- tlpward around the ●ncln~ed voltlmcn nhnwn In th(s flRure. The ll,lrizt>n.11 ![ ,1...+
drqi~n,ati. cnncret~ flnnrw where no rInnn, momentum or Qnarny in allowed to flux .lcrm~ thvn~ llnes~ Thwq w,* .,,,,
thv h,)t II II>dIICt Q of comhll~tlnn ~~mtll the f Inurn at nay 270 dr)~rce~ c,)nvoctirt~ horlznnt.lllv ,15,{ ,-,)!ltr~h,i( i.1,. ! ,
llm fl:ll I1o L chlnrrcv itt115 d@Rrcwn. ~laxlmwrn w~a tempernturea ,lre ~QnernllV fnwmf ,n rcfll,)m ,)f n,lltll,lo .i, r I.,.
itnd hrw.llh concrete flnors aa depicted in FiR. 14. Nnte thnt the cnnt, ~ur ;!l,tttln~ r,,lltlnp ,f, ,c,q ,1,,~ r,. :,, ,,-l .,,
thm CI)I1, rrte flo,~rq WIIICII nre thin Cnm;\~re,l tn tllr cell Iielnht, The rt~qi)l(ltl:)n ,ln,l!,r IIIr fli),)rs I* II1qIIffI .!I.,11
t{) n:t, .tll~ RI!,)w ,IIIV c,)lltnurn; hl)wrvero thp l~cil i)f l\igh/lou ~tl!lcentrat I,)nq ,11),1 ,~rl,ifmntm I- ~Ie,lrIt, J117,.1-
111ralp.1.



Earlv in the calculation, l?n s , meet of the hvdrogen combusts in the inlet cotmut. sti onal zone aa shown by
the hydrogen deneity contour plot of FIR. 15. Thie ie confirrmd by the chemical emsr~ contour P1OC (Fig. lb)

which ahoua the emr~ of combuetinn in the niw ●urce inlet regions and the oxygen density .ontour plot (Fig.
17) showing 1- valuea near combuetlon regione and high valuen in the cold chimney (225 degrees). At later tlws

q? ahO~ the aaw overall flow ~ctern, ht only hydrogen eourcee mar the cold chinney are(lklfl e), FiR9. 18-~-
conti ruing to combst in the inlet reglona. The othera which have beco~ oxygen starved are comhsting higher up
in the wet-well. Thim 10 ehown bast in Fig. 19 where -ximm gae tempera:uree are found far above the pool eur -
fnce.

Sumnary results are preeented in the next figures. Figure 23 ●hwe the Mximm and minimm vet-well temper-
ature and containment atmosphere preeeure. ~Jote that the maximum temperature would alwaye be the adlahacic
flame temperature for the compoeitioli of Reeea at that particular tire. ‘.Je correctly calculate the adiabatic
fla~ temperatllre; however, becauee of the coareenaee of the computational agh, the temperature of any zone in
.~hich cnmbuatton ia taking place will always bs lower than the actual adiabtic flame temperature. }lasa histo-
ries for H90, H,, and 07 are alao included in Fig. 23. Note rhat at roughly 1600 e, oxygen is totally’ depleted

-.
in the containment. Spatial distrtbutiona for heat fluxee to the inner and outer wet-well walla ❑t 3.3 n (I1
Feat) aId Ifl m (30 feet) above the pool eurface mre presented in Fi.q. 24 ur varims times (3~, 12~, 6nn, Ind
LWfl seconde). ‘~he hydrogen sparger or eource azimuthal ponttiona are indicated on each figure, where wxlnum
heat fluw valueg correspond one for one to the sparger locatlona. For azirmtthml Iocatiorm 1$?.5 and 202.5 lc-
greca :here large values of the heat flux occur, we have Rtvan heat FLux htetor~es in Fig. 25 at the 3.3 m Id
II> n levels above the euppreeelon pool surface for both Inner and outer walls. The heat flux~s on the innrr “w.111
ne,~k e,arly and then decreaqe ,ag heat iq convected to other regions of the containwnt. :Ioet of the heat tr.~cs-
ferred to the outer wall is r,adlated to these eurfareo from the burning hydrogen.

Vtthout a flang model or reaolvirtR flare details wit:~ a firely zoned computational meeho it 19 iaPosqiSle

for us to supply details about the flame such as flaw height, flame width and flame angle. !/e can sav; however.
that noqt of the combustion takea place in the inlat cell (fla~ height 6 m), aa long as there is suffi:lent uxy-

Xen for cnnhustion. Once flames become oxygen starved, then it ia poeeible for flames to lift off the ,wntr; +!]r-
facc anl burn hiRher in the uet_well, perhaps ● ven reattaching to the water eurf~ce as inure oxygen i.i sun:)licd by
convection.

!’1. COSCLLSIrYi

I’)etalled analuseg of hy?rogen transport, mixing, and combu~tton Ln cnntalnmunt~ ia now nns~ible. in c.,T-

servln~ mass, rmncntum and energy throu~hout the contnlmenc, these tire-dapcntlent, :UO - and t~lrt?e-,it:w.n<l,.>=11

c.~l:,l~iltlong ,are 111 very good a~reement with nvailable data; in fnct, thcae cal:ulatio~s yh,>uli hc ..)nsl.1~.ru.l

‘wlchmrk analyse~.
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